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Androgens Attenuate Vitamin D Production Induced
by UVB Irradiation of the Skin of Male Mice by an
Enzymatic Mechanism
Yingben Xue1, Lee Ying2, Ronald L. Horst3, Gordon Watson2 and David Goltzman1
Cutaneous exposure to UVB irradiation is an important source of vitamin D. Here, we examined sex-speciﬁc
differences in cutaneous vitamin D production in mice. Both male and female mice on a vitamin D–deﬁcient diet
manifested vitamin D deﬁciency, with mineral abnormalities, secondary hyperparathyroidism, and osteomalacia.
UVB irradiation signiﬁcantly increased vitamin D levels in the skin of female mice and normalized serum
25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin D3 levels, as well as mineral and skeletal abnormalities.
However, in male mice, the vitamin D response to UVB was attenuated and mineral and skeletal abnormalities
were not normalized. The vitamin D precursor, 7-dehydrocholesterol (7DHC), was signiﬁcantly lower in the skin
of male than female mice. This reduction was due to local androgen action in the skin as demonstrated by
castration studies and skin-speciﬁc androgen receptor deletion in male mice, both of which reversed the male
phenotype. Local androgen regulation in the skin of the CYP11A1 gene, which encodes a crucial enzyme that
metabolizes cholesterol, 7DHC, and vitamin D, appeared to contribute to the gender differences in UVB-induced
vitamin D production and to its reversal of vitamin D deﬁciency. Sex-speciﬁc, enzymatically regulated differences
in cutaneous production of vitamin D may therefore be of importance to ensure vitamin D sufﬁciency.
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INTRODUCTION
Vitamin D is obtained by mammals either from dietary sources
or by its production as cholecalciferol (vitamin D3) in skin
exposed to sunlight. In cutaneous production, exposure of the
skin to UV light in the wavelengths 290–320 nm (UVB) permits
UVB photons to penetrate the epidermis and by a physico-
chemical process starting with absorption of UVB energy by the
B ring transforms 7-dehydrocholesterol (7DHC) to previtamin
D3, which is then isomerized to vitamin D3. Photochemical
conversion of previtamin D3 to lumisterol and tachysterol is
the major factor that prevents vitamin D intoxication after a
single prolonged exposure to the sun (Holick et al., 1981), and
photoproducts of sun-induced photoisomerization of vitamin D3
have also been described and identiﬁed as suprasterol I,
suprasterol II, and 5,6-transvitamin D3 (Webb et al., 1989).
7DHC in addition to serving as a vitamin D3 skin precursor can
alternatively serve as a precursor of cholesterol, a reaction
catalyzed by the enzyme 7DHC reductase (DHCR7). Vitamin
D3 can then exit the skin and be converted, in the liver, to the
most abundant circulating metabolite, 25-hydroxyvitamin D3
[25(OH)D3], which can then be converted, via the action of the
25-hydroxyvitamin D 1-alpha hydroxylase enzyme, CYP27B1,
to the active form 1,25-dihydroxyvitamin D3 [1,25(OH)2D3].
The 1,25(OH)2D3 can also stimulate the degrading enzyme 24
hydroxylase, CYP24A1, thus facilitating its clearance. 7DHC
can also be metabolized by a cholesterol side chain cleavage
enzyme coded by cytochrome P450scc (CYP11A1) through
hydroxylation at C22 followed by C20 cleavage of the
side chain and subsequent metabolism of the 7-dehydro-
pregnenolone produced by existing steroidogenic enzymes
(Slominski et al., 2004, 2009, 2012a, 2013). CYP11A1 can also
convert cholesterol to pregnenolone (Miller and Bose, 2011)
and can metabolize vitamin D by sequential hydroxylations
starting at C20 (Guryev et al., 2003; Slominski et al., 2005,
2012b, 2014; Tongkao-On et al., 2015). In contrast, 25(OH)D3
is not a substrate for CYP11A1 (Slominski et al., 2005). The
CYP11A1 pathway therefore appears to be of major signiﬁcance
in the skin (Slominski et al., 2014).
The cutaneous production of vitamin D has traditionally
been an extremely important source of vitamin D, which may,
however, be limited by the intensity and duration of UV skin
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exposure (Greene-Finestone et al., 2011). Thus, UV efﬁcacy
may be limited by factors such as degree and duration of skin
exposure, skin type in view of the fact that melanin pigment in
human skin competes for and absorbs the UVB photons
responsible for 7DHC photolysis, time of day of skin exposure
and season of the year during which exposure occurs, as well
as geographic latitude where the skin exposure occurs.
However, relatively little is known about the regulation of
cutaneous vitamin D synthesis in vitamin D–deﬁcient (VDd)
states, when UVB exposure is not limiting. Interestingly, a
genome-wide association study examining gene variants
associated with vitamin D deﬁciency, as deﬁned by low
serum 25(OH)D3, identiﬁed several loci, one of which is the
DHCR7 locus, which would be a determinant of 7DHC levels
in the skin (Wang et al., 2005).
In the present study, we examined the capacity of UVB skin
exposure to reverse dietary vitamin D deﬁciency, which had
induced secondary hyperparathyroidism and osteomalacia in
male and female mice. We observed differences in the
responses of female and male mice that appear to be
androgen based and enzymatically regulated.
RESULTS
UVB irradiation increased serum 25(OH)D3 in a
gender-dependent manner
C57BL/6 mice were fed a VDd diet or a control diet from
3 weeks of age and irradiated with UV light for 1 week at
8 weeks of age as per an acute exposure protocol
(Supplementary Figure S1a online). Serum 25(OH)D3 was
signiﬁcantly decreased after 6 weeks of VDd diet treatment in
both female and male mice. After UVB irradiation, serum 25
(OH)D3 increased much more markedly in female mice on a
VDd diet (8.62± 0.77 nmol l− 1 vs. 99.32± 8.9 nmol l−1, VDd
vs. VDd+UVB) than in male mice on a VDd diet (9.0±
0.71 nmol l− 1 vs. 25.58± 1.46 nmol l−1, VDd vs. VDd+UVB;
Figure 1a). Vitamin D3 levels in the skin were not signiﬁcantly
different in female or male mice on a control diet or on a VDd
diet; however, UVB irradiation increased skin vitamin D3
levels much more markedly in female than in male mice
(Figure 1b).
UVB irradiation ameliorates vitamin D3 deﬁciency in female but
not in male mice
To investigate whether UVB irradiation ameliorates vitamin D3
deﬁciency, 3-week-old female and male C57BL/6 mice were
fed a control diet or a VDd diet for 8 weeks and were irradiated
with UVB at 5 weeks of age as per a chronic exposure protocol
(Supplementary Figure S1b online). Serum 25(OH)D3 decreased
by 82% and 77% in VDd diet–treated female and male mice,
respectively; UVB irradiation signiﬁcantly increased serum
25(OH)D3 levels from 14.97±0.53 nmol l
−1 to 53.38±5.26
nmol l−1 in VDd diet–treated female mice but only
slightly increased serum 25(OH)D3 from 17.43±1.67 nmol l
−1
to 23.13±1.22 nmol l−1 in VDd diet–treated male mice
(Figure 2a). Changes in serum 1,25(OH)2D3 levels generally
paralleled changes in serum 25(OH)D3 levels in female and
male mice on a VDd diet and after UVB irradiation. Thus,
serum 1,25(OH)2D3 levels were similarly reduced on a VDd
diet (25.0±1.04 pmol l−1 in female mice and 22.4±2.24
pmol l−1 in male mice); however, 1,25(OH)2D3 levels were
signiﬁcantly higher in female than in male mice after UVB
irradiation (139.57±9.94 pmol l−1 vs. 86.57±4.04 pmol l−1,
female vs. male; Figure 2b). Both female and male mice
developed hypocalcemia, hypophosphatemia, and secondary
hyperparathyroidism of similar magnitude after 8 weeks of VDd
diet treatment. UVB irradiation normalized serum calcium and
phosphorus in VDd diet–treated female mice but not in VDd
diet–treated male mice (Figure 2c and d). After UVB irradiation,
serum parathyroid hormone levels fell signiﬁcantly into the
normal range in VDd diet–treated female mice. In contrast,
although parathyroid hormone levels fell in VDd diet–treated
male mice after UVB irradiation, the levels were not normalized
(Figure 2e).
UVB irradiation reversed the VDd diet-induced decreases in
BMD and BMC and skeletal abnormalities in female mice but
not in male mice
After treatment with a VDd diet, BMD was decreased by 17%
and 9%, and BMC was decreased by 18% and 13% in female
mice and male mice, respectively. BMD and BMC were
normalized after UVB irradiation of VDd diet–treated female
mice but not after UVB irradiation of VDd diet–treated male
mice (Supplementary Figure S2a and S2b online). Associated
with the mineral and hormonal abnormalities induced by the
VDd diet, osteoid volumes, osteoblast numbers, and osteo-
clast numbers were increased in both female and male mice.
These parameters were normalized in VDd diet–treated female
mice after UVB irradiation. Although after UVB irradiation
osteoid volumes, osteoblast numbers, and osteoclast numbers
were improved in VDd diet–treated male mice, these param-
eters remained persistently higher than in male mice on a
control diet (Supplementary Figure S2c, S2d and S2e online).
Androgen blocks the increase in 25(OH)D3 after UVB
irradiation of the skin
To examine whether estrogen or androgen has a role in
the production of vitamin D3 in UVB-irradiated skin, we
ovariectomized female mice and orchidectomized (castrated)
male mice at 4 weeks of age. Five-week-old mice were then
treated with a VDd diet for 6 weeks. At 10 weeks of age, mice
were irradiated with UVB for 1 week (Supplementary Figure
S1c online). The results showed that the ablation of estrogen
did not affect the response of female mice to UVB irradiation
(Figure 3a and c). However, androgen depletion signiﬁcantly
increased the response of male mice to UVB irradiation such
that the increases were similar to those observed in females.
Furthermore, after UVB irradiation, vitamin D3 levels in the
skin of castrated mice on a VDd diet were sixfold higher than
the skin vitamin D3 levels in sham-operated male mice on a
VDd diet (450.86±74.84 ng g−1 vs. 78.51± 13.53 ng g−1,
castrated vs. sham mice, respectively; Figure 3d). As well,
after UVB irradiation, serum 25(OH)D3 in castrated mice on
a VDd diet was normalized and was threefold higher than
in sham-operated male mice on a VDd diet (97.4±
4.28 nmol l− 1 vs. 30± 1.47 nmol l −1 castrated vs. sham
mice, respectively; Figure 3b).
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Androgen receptor skin-speciﬁc knockout mice showed
increased vitamin D production after UVB irradiation of the skin
of male mice
To examine the local role of androgens in UVB-induced vitamin
D production in the skin, we generated androgen receptor
skin-speciﬁc knockout mice (skin-AR KO) by crossing mice
expressing the cre recombinase under the control of the keratin-
14 promoter, with mice expressing a ﬂoxed androgen receptor.
PCR results demonstrated strong expression of a 404 bp excised
AR band conﬁrming deletion of the skin AR (Figure 4a), although
faint residual levels of a ﬂoxed AR band (952 bp) were observed.
The very low levels of residual ﬂoxed AR likely indicate
that recombination efﬁciency was slightly less than 100%, or
genomic DNA from non-keratinocyte tissues was admixed in the
skin sample. In the wild-type littermates, after UVB irradiation,
serum 25(OH)D3 increased by twofold in the VDd diet–treated
males compared with non-irradiated VDd diet–treated males
(33.31±1.53 nmol l−1 vs. 14.2±0.47 nmol l−1, VDd+UVB vs.
VDd). In AR-skin KO mice, after UVB irradiation, serum 25(OH)
D3 increased by sixfold in the VDd diet–treated males compared
with non-irradiated VDd diet–treated males (69.69±4.43 nmol-
l−1 vs. 11.89±1.03 nmol l−1, VDd+UVB vs. VDd; Figure 4b).
UVB irradiation increased vitamin D3 in the skin of VDd diet–
treated wild-type male littermates from 33.15±1.55 ng g−1 to
71.85±7.62 ng g−1, whereas in VDd diet–treated AR-skin KO
mice UVB irradiation increased vitamin D3 from 37.47±
1.97 ng g−1 to 154.48±22.27 ng g−1 (Figure 4c).
Androgen decreases 7DHC levels through the androgen
receptor in the skin
To examine the effect of androgen on cholesterol and 7DHC
levels in the skin, we measured cholesterol levels in the skin
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Figure 1. UVB irradiation increased serum 25-hydroxyvitamin D3 [25(OH)
D3] differently in females and males. Three-week-old C57BL/6 mice were fed
a vitamin–D deﬁcient (VDd) diet or a control diet for 6 weeks. The dorsal skin
of mice was shaved and exposed to UVB as per an acute exposure protocol.
(a) Serum 25(OH)D3 levels and (b) Vitamin D3 levels in the skin. Data are
expressed as mean± SEM (n=6). *Po0.05 compared with control diet in
mice of the same sex. #Po0.05 compared with mice of the same sex fed a
VDd diet. $Po0.05 compared with UVB-irradiated female mice fed a
VDd diet.
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Figure 2. UVB irradiation ameliorates vitamin D3 deﬁciency and normalizes vitamin–D deﬁcient (VDd) diet–induced hypocalcemia, hypophosphatemia, and
secondary hyperparathyroidism in female mice but not in male mice. Three-week-old C57BL/6 mice were fed a VDd diet or a control diet for 8 weeks. At
5 weeks of age, the dorsal skin of mice was shaved and exposed to UV light twice weekly for 6 weeks as per a chronic exposure protocol. Serum 25(OH)D3 (a),
1,25(OH)2D3 (b), calcium (c), phosphorous (d), and parathyroid hormone (e) were measured. Data are expressed as mean± SEM (n=6 per group). *Po0.05
compared with mice of the same sex fed a control diet. #Po0.05 compared with mice of the same sex fed a VDd diet. $Po0.05 compared with UVB-irradiated
female mice fed a VDd diet.
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and 7DHC levels in the skin and serum. The results showed
no difference in skin cholesterol levels between male and
female mice on a control diet or a VDd diet (Figure 5a). This is
consistent with previous studies that have shown that vitamin
D status does not alter cutaneous cholesterol synthesis
(Feingold et al., 1987). There were also no differences in
serum 7DHC levels between male and female mice fed a
control diet (Figure 5b). Although there was a trend toward an
increased 7DHC levels in the skin in both female and male
mice on a VDd diet, the results did not reach statistical
signiﬁcance. However, 7DHC levels in the skin were
signiﬁcantly higher in female mice than in male mice fed
either a control diet or a VDd diet. Furthermore, castration or
conditional deletion of the AR in the skin of male mice
markedly increased skin 7DHC levels (Figure 5c and d).
Androgens inﬂuence gene expression of enzymes involved in
7DHC metabolism in the skin
We then examined gene expression of 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMGCR), the key
enzyme in cholesterol synthesis, DHCR7, which converts
7DHC to cholesterol, and CYP11a1, which metabolizes
7DHC to 7-dehydropregnenolone. This was performed in 3-
week-old male and female mice, castrated male mice (5-week
old), and 3-week-old male mice with skin-AR KO that were
fed a VDd diet for 6 weeks. We found no difference of
HMGCR mRNA levels between male and female mice and
castrated male mice and male mice with skin-AR KO
(Figure 6a). DHCR7 mRNA levels were signiﬁcantly higher
in females, male mice with skin-AR KO, and castrated males
fed a VDd diet compared with male mice fed a VDd diet,
which would not account for the higher 7DHC in females,
male mice with skin-AR KO, and castrated males fed a VDd
diet compared with male mice fed a VDd diet (Figure 6b). In
contrast, CYP11a1 mRNA levels were signiﬁcantly lower in
females, castrated males, and males with skin-AR KO fed a
VDd diet compared with male mice fed a VDd diet; this
would appear to account for the lower 7DHC in male mice
(Figure 6c).
DISCUSSION
Our results demonstrate that, in C57BL/6 VDd male mice
relative to VDd female mice, equivalent exposure of the skin
to UVB irradiation results in lower skin vitamin D3 levels,
lower serum 25(OH)D3, and lower serum 1,25(OH)2D3
levels. This is consistent with the study of Gorman et al.
2012 who also found, using VDd BALB/c mice, that UVB
signiﬁcantly increased serum 25(OH)D3 levels in females but
not in males. In addition, in our study, androgen receptor
skin–speciﬁc knockout mice and wild-type littermates were
on a mixed genetic background and had similar relative
responses to UVB as did castrated C57BL/6 male mice relative
to sham-operated C57BL/6 mice. Consequently, our observa-
tions do not appear to be speciﬁc to one strain of mice. The
lower concentration of active vitamin D metabolite in the
VDd male mice relative to the VDd female mice translated
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Figure 3. Androgen blocks the production of 25(OH)D3 induced by UVB irradiation of the skin. At 4 weeks of age, female mice were ovariectomized, and male
mice were orchidectomized (castrated); sham-operated mice were used as controls. One week later, mice were fed a vitamin–D deﬁcient (VDd) diet or a control
diet for 6 weeks. At 10 weeks of age, the dorsal skin of mice was shaved and exposed to UVB once daily for 7 days (2.5 kJ m−2 per day). Serum 25(OH)D3 levels
and vitamin D3 levels in the skin were measured in sham-operated (sham) and OVX female mice (a and c) and in sham-operated and castrated male mice
(b and d). Data are expressed as mean± SEM (n=6). *Po0.05 compared with mice of the same sex fed a control diet. #Po0.05 compared with mice of the same
sex fed a VDd diet. $Po0.05 compared with UVB-irradiated sham-operated mice fed a VDd diet.
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into reduced capacity to reverse secondary hyperparathyroid-
ism and osteomalacia. Interestingly, UVB irradiation of the
skin was reported to be effective in correcting vitamin D
deﬁciency and suppressing secondary hyperparathyroidism in
female psychogeriatric patients, but an equivalent study in
males has not been reported (Chel et al., 1998).
The lower skin vitamin D3 levels in the UVB-irradiated VDd
male mice were associated with lower levels of its skin
precursor, 7DHC. Reduction in estrogen levels by oophor-
ectomy of female mice did not result in a male phenotype, i.e.,
reduced levels of skin 7DHC or skin vitamin D3 production
after UVB irradiation. In contrast, removal of androgens by
castration of male mice did increase skin 7DHC and skin
vitamin D3 production after UVB irradiation, thus recapitulating
the female phenotype. Previous reports (Esvelt et al., 1978)
showed that the levels of vitamin D production after exposure
to UVB of male rat skin in vitro appeared similar to what we
found in female mice after exposure to UVB in vivo. As no
androgen was added to the in vitro male rat skins, these results
may be analogous to our results in castrated males and
therefore may be consistent with our ﬁndings. We also found
increases in responses to UVB irradiation in males that
approximated the levels in females after conditional deletion
of the androgen receptor in keratinocytes in vivo, demonstrating
the local cutaneous regulation of androgens in modifying the
skin 7DHC and vitamin D3 production after UVB irradiation.
We then examined gene expression of enzymes altering
7DHC synthesis and metabolism, i.e., HMGCR—one of the
key enzymes in 7DHC biosynthesis; DHCR7, which converts
7DHC to cholesterol; and CYP11a1, which metabolizes 7DHC
to 7-dehydropregnenolone and metabolizes vitamin D to a
number of side chain metabolites (Slominski et al., 2014). In our
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Figure 4. The deletion of androgen receptor in the skin increases serum 25
(OH)D3 and vitamin D3 in the skin induced by UVB irradiation. Three-week-
old androgen receptor skin-speciﬁc knockout mice (skin-AR-KO) and wild-
type (WT) littermates were fed a vitamin–D deﬁcient (VDd) diet or a control
diet for 6 weeks. The dorsal skin of mice was shaved and exposed to UVB
once a day in the last week as described in the Materials and Methods section.
(a). PCR of the skin from skin-AR KO mice, from ﬂoxed AR mice, and from WT
male littermates is shown. Lanes 1, 2, and 5 show the PCR results from the
skin-AR KO mice (XARﬂoxY; KRT-cre), Lanes 3, 4, and 6 show the PCR results
from the AR ﬂoxed mice (XARﬂoxY), and lane 7 shows the PCR results from WT
male littermate. Floxed AR, WT AR, and excised AR products were 952, 855,
and 404 bp, respectively. (b) Serum 25(OH)D3 levels and (c) vitamin D3 levels
in the skin. Data are expressed as mean± SEM (n=5). *Po0.05 compared
with mice on control diet. #Po0.05 compared with mice fed a VDd diet.
$Po0.05 compared with UVB-irradiated WT male littermates on a VDd diet.
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Figure 5. Androgen decreases 7-dehydrocholesterol (7DHC) level in the
skin. (a) Cholesterol levels in the skin. (b) Serum 7DHC levels. (c) 7DHC in the
skin of female mice fed a control diet or a vitamin–D deﬁcient (VDd) diet. (d)
7DHC levels in the skin of male mice fed a control diet or a VDd diet and in
the skin of castrated mice and AR skin–speciﬁc KO mice fed a VDd diet.
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study, we found no difference in HMGCR mRNA levels
between males and females. DHCR7 mRNA levels were
higher in female than male mice and were increased in
castrated male mice and male mice with a skin-AR-speciﬁc
knockout. Our studies indicate therefore that gender-speciﬁc
differences in the levels of 7DHC are not caused by alterations
in gene expression of HMGCR or of DHCR7.
In contrast, gene expression of CYP11a1 was lower in
female mice and was also reduced in castrated males and
males with skin-AR KO compared with control male mice.
Our ﬁndings are supported by a previous study in which
O'Shaughnessy et al. (2002) reported that testicular feminized
mice with loss function of the androgen receptor and
cryptochidized mice had decreased CYP11a1 mRNA
compared with normal mice. Furthermore, Hazra R et al.
(2013) reported that transgenic mice with the androgen
receptor overexpressed in Sertoli cells displayed upregulated
CYP11a1 gene expression, and Wu et al. (2011) reported
that testosterone stimulated CYP11A1 gene expression in
granulosa cells. Therefore, the reduced expression of
CYP11a1 in female, castrated male, and AR-skin-speciﬁc
KO male mice in our studies is consistent with androgen
regulation of this enzyme and would appear to contribute to
the higher levels of 7DHC and vitamin D3 production after
UVB irradiation in these mice. The mechanism whereby
androgen regulates CYP11a1 gene expression requires further
study; however, the present studies demonstrate an enzymatic
locus of the regulation of cutaneous vitamin D production.
It is possible that differences in susceptibility to UVB-
induced vitamin D production between males and females
underlie other cutaneous phenomena that have been
described. Thus, it has been reported (Thomas-Ahner et al.,
2007) that male mice developed more tumors and more
advanced tumors compared with female mice after chronic
exposure to equal doses of UVB. This was found to be
associated with the extent of oxidative DNA damage and
antioxidant capacities. Keratinocytes express CYP27B1,
allowing local activation of 25(OH)D3 and autocrine and
paracrine effects of 1,25(OH)2D3. It is therefore possible that
reduced production of vitamin D in the male mice after UVB
irradiation and subsequently of 1,25(OH)2D3 may contribute
to an altered redox status, which may be inﬂuenced by the
active form of vitamin D (Dixon et al., 2013; Song et al.,
2013).
Our study has several limitations. In view of the difﬁculty of
isolating the epidermis from mouse skin, our mRNA data and
chemical analyses were performed on whole skin rather than
the epidermis, and it would have been preferable to perform
these studies purely on the epidermis. We also used a mouse
model where hair covering likely restricts the capacity of UVB
to optimally stimulate vitamin D in the skin. Nevertheless,
numerous studies have used mouse models with shaved skin
to examine the physiology of vitamin D after UV exposure
(Gorman et al., 2012; Wang et al., 2015). Finally, there is very
little evidence in the existing literature that there are any
signiﬁcant sex differences in humans in response to the
production of vitamin D from sun exposure. In a study on
traditionally living populations in East Africa (Luxwolda et al.,
2012), 25(OH)D levels were studied in a Maasai group
composed of 57% women and a Hadzabe group composed of
84% men. The 25(OH)D levels in the two groups were
119.0± 26.0 nmol l− 1 and 109.0± 28 nmol l− 1, respectively,
and, if one excluded 25(OH)D2 (presumably derived
exclusively from dietary sources) the 25(OH)D3 would be
119 nmol l−1 in the predominantly female group (Maasai) and
103.9 nmol l− 1 in the predominantly male group (Hadzabe),
suggesting the presence of higher levels in the predominantly
female group. Males and females were included in both
samples, however, and the sample sizes were very small and
would preclude signiﬁcant conclusions. A paper by Haddad
6
5
4
3
2
1
0
0.8
0.6
0.4
0.2
0.0
0.8
0.6
0.4
0.2
0.0
1.0
D
H
CR
7 
m
RN
A 
lev
e
l
re
la
tiv
e
 to
 G
AP
DH
H
M
G
CR
 m
RN
A 
lev
e
l
re
la
tiv
e
 to
 G
AP
DH
CY
P1
1A
1 
m
RN
A 
lev
e
l
re
la
tiv
e
 to
 G
AP
DH
Cas
trate
d m
ale
Skin
-AR
 KO
 
ma
leMal
e
Fem
ale
*
*
*
*
*
*
a
b
c
Figure 6. Androgen decreases 7DHC reductase (DHCR7) and increases
cyp11a1 gene expression. Three-week-old male, female, skin-AR KO mice, or
5-week-old castrated male mice were fed a VDd diet for 6 weeks. The total
mRNA was extracted from the shaved dorsal skin of mice for real-time PCR
analysis as described in the Materials and Methods section. HMGCR (a),
DHCR7 (b), and CYP11A1 (c) mRNA levels were examined using real-time
PCR analysis and normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA levels. Data are expressed as mean± SEM (n=5). *Po0.05
compared with male mice.
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and Chyu (1971) reported substantial elevations of 25(OH)D
levels in lifeguards; however, no reference was made as to the
sex of the lifeguards precluding comparative information on
25(OH)D in response to sunlight. In a study that examined 25
(OH)D levels in a large database (Kroll et al., 2015), 80% of
men were below 30 ngml−1 and 70% of women were below
this level, which therefore represents only a small difference.
In a large representative sample of adolescents living in
Northern Ireland (54–55°N), girls were found to have higher
levels of 25(OH)D3 during summertime (Hill et al., 2008),
and, in a population-based study of Norwegian adolescents
living at 69°N (Oberg et al., 2014), a signiﬁcant difference in
25(OH)D3 levels was found between boys and girls, with a
higher rate of deﬁciency among boys. Although the
differences in the Norwegian study were attributed in part to
differences in sun seeking behavior between boys and girls, it
is possible that increased sensitivity of girls to UVB exposure
might have augmented vitamin D3 levels and contributed to
lower vitamin D deﬁciency. Nevertheless, cross-sectional
observational studies may be confounded by variable dietary
intake of vitamin D, and factors such as malabsorption that
may inﬂuence such intake, and not solely reﬂect the inﬂuence
of UV exposure. No human studies have to date compared
the capacity to increase vitamin D from sun exposure in VDd
males and females, and in populations where dietary sources
of vitamin D and vitamin D supplements are limited this
information in humans might be of importance.
In summary, our studies have found sex-speciﬁc differences
in cutaneous production of vitamin D in mice, and a
mechanism involving androgen regulation of CYP11a1 gene
expression is implicated. If this observation can be conﬁrmed
in humans, sex-speciﬁc strategies might need to be consid-
ered to ensure vitamin D sufﬁciency in populations where
vitamin D insufﬁciency is endemic.
MATERIALS AND METHODS
Animals
All animal experiments were reviewed and approved by the McGill
University Animal Care and Use Committee. Mice were housed
individually, exposed to an UV light-free 12-hour light–dark cycle
environment (Clear UV Tube Guards, Pegasus Associates) and water
ad libitum. The mice used in this study are described in the
Supplementary Materials and Methods online.
UVB exposure
Mice were shaved on the dorsal region using electric clippers one
day before UVB treatment. UVB-treated mice were irradiated, at a
distance of 40 cm from the UV source, with a bank of four unﬁltered
FS20T12 ﬂuorescent sunlamps (Solarc Systems, Barrie, Ontario,
Canada) emitting a broad band of UVR from 280 to 320 nm. The
radiation output was measured before each treatment using a UVX
radiometer equipped with a 302-nm sensor (UVP). Approximately
60% of the output was in the UVB range (290–320 nm; Becklund
et al., 2010). Mice were individually irradiated in a six-compartment
box to prevent mice from sheltering each other from the UVR. To
prevent possible differences of UVB output in the different chambers,
mice were rotated through the different chambers during the UVB
treatment period. For acute UVB irradiation, 3-week-old wild-type or
AR-skin KO mice or wild-type littermates were fed a VDd diet or a
control diet with vitamin D added at 2.2 IU g− 1 (control diet; Harlan
Teklan, Madison, WI) for 6 weeks. One week before euthanasia,
mice were shaved and irradiated for 13minutes once daily (2.5
kJ m−2 per day), for a period of 7 days. An acute UVB irradiation
protocol was also used for ovariectomized female or castrated male
mice and the corresponding sham-operated controls. Thus, a VDd
diet was begun at 5 weeks of age (1 week after surgery) and
continued for 6 weeks. UVB irradiation was then administered once
a day, as per the protocol above, in the ﬁnal week. For chronic UVB
irradiation, 3-week-old mice were put on a VDd diet or a control diet
for 8 weeks. Mice were irradiated at a distance of 40 cm from the UV
source for 13 minutes (2.5 kJ m−2) twice weekly from 5 weeks of age
for a period of 6 weeks (Supplementary Figure S1 online).
Serum analysis
Serum calcium and phosphorus levels were determined by
QuantiChrom calcium or phosphorus assay kits (BioAssay Systems,
Hayward, CA), respectively. Serum 1,25(OH)2D3 and 25(OH)D3
were measured by ELISA (ImmunoDiagnostic Systems, Fountain
Hills, AZ). Serum intact mouse parathyroid hormone was measured
by an ELISA (Immunotopics, San Clemente, CA).
Mass spectrometry analysis
Dorsal skin (1–2 g) and serum (100 μl) samples were collected for
total cholesterol, 7DHC, and vitamin D3 measurement. Both GC/MS
and LC-MS/MS platforms were employed. GC/MS was used for
analyses of total cholesterol in the skin, and LC-MS/MS was
employed for analyses of 7DHC in the skin and serum and vitamin
D3 in the skin. The detailed description of the mass spectrometry is
included in the Supplementary Materials and Methods online.
Real-Time PCR
A RNeasy ﬁbrous tissue kit (QIAGEN, Valencia, CA) was used to
extract total RNA from skin samples. Total RNA was reverse
transcribed into complementary DNA (cDNA) as previously
described (Xue and Fleet, 2009). HMGCR, DHCR7, and CYP11A1
mRNA (Hazra et al., 2013) levels in the skin were examined using real-
time PCR. The mouse glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was used as housekeeping gene (Xue and Fleet, 2009).
Bone phenotyping (bone mineral density and histomorphometry)
and statistical analyses are described in the Supplementary Materials
and Methods online.
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